Introduction
that, as in sheep [26] , guinea pig [7, 10] , rabbit [25] , rat Injection of labeled palmitic acid parenterally to the [
> n ]> and rhesus monkey [15] , maternal fatty acids pregnant woman results in the appearance of radioaccross the human placenta. There is, therefore, a strong tive FFA in the fetal compartment [25] . The human possibility that circulating fetal fatty acids, whether of placenta, perfused in vitro, transfers palmitate from maternal origin or synthesized by fetal tissue, can be the maternal to the fetal side [23] . These data indicate the precursors of fetal lipids. To test this hypothesis, it was decided to incubate in the presence of PA slices of human placenta, fetal brain, liver, and lung obtained from fetuses of early and term gestation. The uptake of PA into tissue lipids and its conversion to carbon dioxide was taken as an index of the potential capability of fetal tissue to metabolize fatty acids during development. The data show that each fetal tissue studied metabolized PA to triglyceride, sterol, sterol ester, phospholipid, and carbon dioxide. These findings are in agreement with data obtained in adult rat tissue in vitro and suggest that fetal FFA are utilized to some extent for energy production and to a large extent for the synthesis of lipids as in adult rat tissue [3, 9, 16, 20] .
Methods

Tissue and Incubation Techniques
Brain, lung, liver, and placenta of human fetuses were obtained by therapeutic abortion between the 12th and 16th weeks of gestation. (The investigators did not participate in the decision to interrupt pregnancy.) Term placentas were obtained at the time of normal delivery. Gestational age of fetal development was determined by crown-rump measurement [13] .
Placentas and fetal tissues were immediately placed in ice. After dissection, each organ or tissue was cut in small pieces and washed and rinsed in ice cold isotonic saline until the washed product was clear. Thin slices (300-600 mg) were made for in vitro incubation [19] . The slices were incubated for various periods of time in an atmosphere of 95% O 2 -5% CO 2 . During aerobic incubation, the concentration of oxygen in the flask was never less than 70%; during anaerobic incubation, the mean concentration of oxygen was 3.0 ± 0.3% (SE) as determined by the Astrup technique [1] .
In each incubated vessel were 4 ml Krebs-Ringer phosphate buffer containing 3% bovine serum albumin fraction V [29] and 1.0-3.0 millimoles FFA extract mixed with 14 C-palmitic acid and 10 millimoles glucose [16] . The FFA extract was prepared by saponification of human adipose tissue [16] . The amount of PA was adjusted in each experiment so that the specific activity of the medium FFA was 15 yuCi/millimole FFA. Palmitic acid-l-14 C [30] was purified by thin-layer chromatography (TLC) and then shown to be 98% pure by gas liquid chromatography (GLC). The pH of medium was 7.4 at time of incubation and the temperature was kept at 37.0° in a Dubnoff incubator shaker.
In some experiments, placental tissue was incubated at 0°. In the centerwell of each flask were placed filter paper strips and 0.2 ml 1.25 N NaOH (CO 2 -free) for the collection of respiratory CO 2 [28] . In four experiments, release of tissue FFA from placental slices was studied. Placental tissue was incubated with palmitate-l- 14 C for 1 hr at 37.0°; the slices were then removed, rinsed in isotonic saline, and transferred to a similar incubation medium without added FFA. The second incubation at 37.0° lasted 5, 30, 60, or 120 min.
Techniques of Extraction and Measurement
At the end of incubation, each tissue was transferred to cold isotonic saline and washed several times to remove the FFA [16] . Total lipids were then extracted [5] . Each lipid sample was plated on precoated silica gel plates [31] for TLC separation with hexane-diethylether-glacial acetic acid (90:10:1) [22] . The plates were sprayed with 2', 7'-dichlorofluorescein and the lipids were visualized under ultra-violet light. The areas corresponding to phospholipids, triglycerides, sterols, sterol esters, and FFA were identified by comparison with known standards run simultaneously. Two milligrams of a standard lipid mixture [32] containing phospholipids and cholesterol were added as carrier to each sample before TLC.
The lipids were scraped off the plate with a razor blade, collected on glassine paper, and transferred to scintillation vials containing a mixture of Cab-o-sil in 2,5-bis-2,5-test butylbenzoxazol (BBOT) and toluene [33] . Radioactivity was determined in a liquid scintillation system [34] . The maximum counting error was 6%.
Quenching, due to the added fluorescein, was corrected by adding 14 C-toluene to a blank area scraped from each plate. In 30 experiments, the quenching was 15.5 ± 1.0%. This percentage was not significantly different from that observed with an internal standard in four experiments. Recovery of palmitic acid-l-14 C added to non-incubated placental tissue and carried through the entire extraction and plating procedure was 79.3 ± 2.5% (n = 4).
FFA concentrations in the medium and slices were determined [24] . The production of respiratory 14 CO 2 was measured after the 14 CO 2 was precipitated and counted as 14 C-barium carbonate [27] . After incubation, GLC was used to determine the fatty acid composition and radioactivity of the various placental lipid fractions [17] . Nine-tenths of each lipid fraction was separated by a stream splitter and collected in a fraction collector [35] containing quartz wool-filled tricarb cartridges [33] . Each tube was immersed in scintillation counting solution (12 g BBOT and 2500 ml toluene) and counted in a liquid scintillation counter. The recovery of labeled fatty acids of various chain lengths by this technique was 60 ± 5% (SD) of the injected quantities. Glucose concentration of the incubation medium was measured by the glucose-oxidase technique [36] .
Results
Disappearance of FFA from the Medium, Placental FFA Content, and Radioactivity of Lipids in the Medium before and after Incubation with Palmitate-^C
Added FFA disappeared during the first 30 min of incubation (0.25 /^moles/gram wet weight). Longer incubation periods were characterized by continuous utilization of medium FFA in some experiments and by an increase in medium FFA in others. However, the observed changes were at the limit of sensitivity of our technique. It was concluded, therefore, that tissue FFA concentration equilibrates in 30 min with the FFA added to the medium. The concentration of FFA in placental tissue before and after incubation was found to remain constant (mean, 3.5 ± 0.8 ^moles/gram wet weight). Radioactivity of phospholipids, triglycerides, sterols, and sterol esters, extracted from the incubation medium after incubation, was less than 2% of total radioactivity of the free fatty acid fractions of the medium. After 2 hr of incubation, 30% of the added glucose was utilized by the placental slices. 14: C into Tissue Lipids Placental Tissue. The incorporation of PA into placental tissue lipids is tabulated in Table I . When tissues were incubated at 37°, the increase in FFA in the medium from 1.0 to 3.0 pinoles led to an increase in incorporation of palmitate-l- 14 C into phospholipids, triglycerides, sterol esters, and FFA. This increase continued in a linear manner up to 6 ^moles/ml.
Incorporation of Palmitic Acid-l-
When the temperature of the incubation system remained at 0°, the same trend was observed in the incorporation of PA into phospholipids, triglycerides, and sterol esters in the medium. This incorporation was reduced at each concentration studied-y 10 for phospholipids, % 00 for triglycerides, and y s to y 8 for sterol esters. The uptake of FFA into the tissue, however, was not different from that observed at 37°.
When slices from term placentas were incubated in the presence of 2.2 millimoles FFA, the radioactivities of phospholipids, triglycerides, sterols and sterol esters increased linearly over a period of 2 hr. The concentration of labeled FFA in the placenta remained unchanged however (Fig. 1) . When placentas of 12-16 wks of gestation were incubated under similar conditions, incorporation of PA into triglycerides of the 12-16 wk placentas was twice that of term placentas (P < 0.01) (Fig. 2) .
When placental tissue of any gestational age was incubated in nitrogen, the radioactivity measured in each lipid fraction was not statistically different from that found in similar tissue incubated in 95% O 2 -5% CO 2 , except for triglyceride synthesis which was decreased 49% (P < 0.04) ( Table I) .
When placental slices were preincubated with PA and transferred to a medium without FFA but containing added glucose, the radioactivity in tissue FFA found after 2 hr of incubation decreased 50% below the preincubation level. Radioactivity of the other lipid fractions did not change significantly when compared with the preincubation level, but there was a transitory decrease in 14 CO 2 production at 5 min (Table II) . FFA radioactivity which disappeared from placental slices could all be accounted for in the medium and in the radioactivity of the Fetal Tissues. In Table III are presented the results of PA incorporation into the tissue of five 12-to 13-weekold fetuses. Brain, lung, and liver incorporated PA into the various lipid fractions. Although liver incorporated less 14 C-palmitate into the FFA fraction than the other tissues (P < 0.05), incorporation into each lipid fraction was significantly higher by liver than by any other tissue (P < 0.05).
Conversion of Palmitic Acid-l-^C to Respiratory C0 2 .
Different concentrations of FFA in the medium do not significantly stimulate the conversion by placental slices of PA to 14 CO 2 . At 0°, production of 14 CO 2 was about 5% that of the control (Table I) . However, production of respiratory 14 CO 2 increased with the duration of incubation (Fig. 3) . After 2 hr, 14 CO 2 production by 12-to 16-wk placentas was 58% greater than that by term placentas. When tissue was incubated in an atmosphere of nitrogen, production of 14 CO 2 from PA was decreased to 13% of the control (Table I) .
When placental slices were preincubated aerobically and then reincubated in a medium free of FFA but containing glucose, production of 14 CO 2 was almost entirely curtailed after 5 min; it then increased to the preincubated level after 60 min and doubled at 2 hr (Table II) . Incubation of 14 C-palmitate with fetal brain, lung, and liver produced a significant amount of respiratory 14 CO 2 from PA (Table III) . The net metabolism of PA to respiratory CO 2 was most active in liver; lung was approximately half as active, while brain was approximately one-third as active. Fatty Acid Composition of the Tissue Lipids. Determination of radioactivity in the fatty acids isolated from phospholipids, triglycerides, sterols, and sterol esters after separation by GLC indicates that 90% of the labeling was in the palmitic acid fraction of each lipid fraction. Fatty acids of longer or shorter chain lengths had insignificant amounts of radioactivity.
Discussion
The data show that human fetal tissues from the second and third trimester of pregnancy metabolize palmitic acid to lipid and respiratory carbon dioxide in vitro. These metabolic processes do not differ from those observed in adult rat tissue in vitro [3, 9, 16, 20] . For many years glucose was considered to be the major source of fetal energy [6] . This view has been challenged by studies which show that the lamb fetus metabolizes glucose, amino acids, and fatty acids in vivo [8] . Therefore, our data suggest that fetal FFA may be a source of energy and of lipids to the fetus.
In these in vitro experiments, PA entered placental tissue slices very rapidly. This transfer from medium to tissue is apparently not an energy-dependent process or a limited diffusion process because the radioactivity of tissue FFA was the same whether the placental slice was incubated aerobically at 37° or at 0° or in an atmosphere of nitrogen. Under the latter conditions, however, 14 CO 2 production was markedly curtailed. As evidence of the continuous exchange of FFA between tissue and medium, radioactivity of placental FFA decreased when the placenta was reincubated in a medium free of FFA. The loss of FFA radioactivity after one and two hours can be accounted for entirely in medium FFA, 14 CO 2 production, and 14 C-lipid synthesis. This indicates that 14 C-fatty acids are metabolized and freed into the medium from the placenta.
The concentration of FFA in the incubation medium controls lipid synthesis in placental slices. As the concentration of FFA is increased, the incorporation of palmitic acid into placental lipids is stimulated. Although the study was conducted at one FFA concentration, fetal lung, liver, and brain seem to follow the same pattern of lipid metabolism. These data are simi- lar to those found for adult rat liver, adipose tissue, lung, and diaphragm in which an increase in medium FFA concentration enhanced lipid synthesis [2, 3, 9, 16, 20] . It is therefore probable that lipid synthesis in the human fetus is also regulated by tissue FFA availability.
In every fetal tissue studied, except brain, conversion of palmitic acid to lipids was very similar. In fetal brain, the uptake was greater. This might be related to the rapid growth of brain in the early part of gestation.
Placental lipid metabolism changes with increasing gestation. The 12-to 16-wk placenta converted more PA to 14 CO 2 and 14 C-triglycerides than did the term placenta. Since radioactivity of the FFA extracted from young placenta tended to decrease during incubation and was significantly lower after two hours than radioactivity of FFA from term placenta, young placenta metabolized FFA into triglycerides more rapidly than did term placenta. This observation is consistent with the increased glycogen content, glucose-6-phosphatase activity, and oxygen consumption which have been demonstrated in young placenta, as compared with term placenta [27] .
Degradation of fatty acids to carbon dioxide and their conversion to sterol takes place in fetal brain, lung, liver, and placenta. In placenta, carbon dioxide production was not stimulated by an increase in FFA concentrations in the incubation medium although the radioactivity of each millimole of FFA remained the same. This has been observed in adult tissue [9, 16] . Since all fetal tissues studied catabolize fatty acids to 14 CO 2 , the oxidative mitochondrial enzyme system is present. Furthermore, conversion of fatty acids to CO 2 is dependent on the availability of acyl-CoA synthetase, and the presence of carnitine palmityl transferase. Since these enzymes are present in human placental tissue [18] , the other fetal tissues tested may have similar enzyme systems.
In an atmosphere of nitrogen, incorporation of PA into placental triglycerides and CO 2 was markedly reduced from that which took place in oxygen; but incorporation into phospholipids was reduced to a much smaller extent. Explanations for the former may be that less triglycerides are synthesized because of a lack of ATP or that they are hydrolyzed in excess of their synthesis. The negligible effect of anoxia on phospholipid synthesis is more difficult to explain. The de novo synthesis of phosphatidic acid from glycerol-3-phosphate and the availability of acylated fatty acids whose synthesis and production are only slightly curtailed by anoxia could account for this result. During incubation under nitrogen, dihydroxyacetone, glyceraldehyde-3-phosphate, glycerol-3-phosphate, and reduced pyridine nucleotides are still produced [12] . Therefore, phospholipid synthesis can proceed and the availability of reduced pyridine nucleotides may permit fatty acid acylation to continue. Another alternative is that the degradation of phospholipids is reduced in nitrogen.
The yield of 14 CO 2 from 14 C-palmitate in lung and brain incubations was less than that in the other tissues studied. This may be the result of a more rapid incorporation of 14 C-palmitate into lipids than oxidation to 14 CO 2 . This may be a reasonable assumption because brain lipids have a slow turnover rate and lung tissue synthesizes phospholipids in increasing amounts until the end of gestation [21] . Another possibility is that palmityl-CoA-synthetase has less activity in brain and lung tissue than in liver and placenta. This has been demonstrated in the adult rat [14] .
Summary
At various periods of gestation, the conversion of sodium palmitate-l- 14 C to lipids and respiratory 14 CO 2 was measured in slices of human fetal brain, lung, liver, and placenta. The uptake of sodium palmitate-1-
14
C into placental slices is not an energy-dependent or a limited diffusion process, as was shown by incubations conducted in an atmosphere of nitrogen and at 0°. All fetal tissues studied converted sodium palmitate-l- 14 C to 14 C-lipids (phospholipids, triglycerides, sterols, and sterol esters) and to 14 CO 2 . The reaction was linear and substrate-dependent over the range of concentrations studied up to 2 hr. The 12-to 16-wk placenta converted more sodium palmitate-l- 14 C to triglycerides and 14 CO 2 than the term placenta. Lung and brain tissues metabolized less sodium palmitate-1-14 C to 14 CO 2 than did liver or placenta. In nitrogen, 14 C-triglyceride synthesis was curtailed more than 14 Cphospholipid synthesis while production of respiratory 14 CO 2 from PA was reduced. These observations correlate with those made in adult rat tissue. They indicate that human fetal tissues metabolize palmitic acid from an early stage of gestation and use it for energy production, at least in vitro.
